Osteoporosis is a common skeletal disease, affecting millions of individuals worldwide. Although substantial progress has been made in the therapeutic reduction of vertebral fracture risk in individuals with osteoporosis, nonvertebral fracture risk has been improved only marginally by currently available treatments, defining an unmet medical need 1 . Cortical bone, comprising 80% of the skeleton, is a major determinant of bone strength and nonvertebral fracture susceptibility, whereas vertebral fracture risk is determined mainly by trabecular bone mass 2-4 . Currently used anti-resorptive drugs reduce the risk of vertebral fractures by up to 70%, whereas the risk for nonvertebral fractures is only reduced by 20% with these drugs 1 , suggesting that trabecular and cortical bone might respond differently to signals involved in the regulation of skeletal homeostasis. Therefore, new insights into the biology of these compartments could be of great clinical and therapeutic importance.
Osteoporosis is a common skeletal disease, affecting millions of individuals worldwide. Although substantial progress has been made in the therapeutic reduction of vertebral fracture risk in individuals with osteoporosis, nonvertebral fracture risk has been improved only marginally by currently available treatments, defining an unmet medical need 1 . Cortical bone, comprising 80% of the skeleton, is a major determinant of bone strength and nonvertebral fracture susceptibility, whereas vertebral fracture risk is determined mainly by trabecular bone mass [2] [3] [4] . Currently used anti-resorptive drugs reduce the risk of vertebral fractures by up to 70%, whereas the risk for nonvertebral fractures is only reduced by 20% with these drugs 1 , suggesting that trabecular and cortical bone might respond differently to signals involved in the regulation of skeletal homeostasis. Therefore, new insights into the biology of these compartments could be of great clinical and therapeutic importance.
WNT proteins belong to a family of secreted cysteine-rich glycoproteins that signal through both the WNT-β-catenin pathway, also termed the canonical WNT pathway, and noncanonical WNT pathways [5] [6] [7] [8] . Activation of canonical β-catenin signaling increases bone mass, and rare human genetic mutations affecting bone have been identified in components of the canonical WNT signaling machinery 5, [9] [10] [11] [12] [13] . Notably, mouse genetic studies have confirmed that activation of the canonical WNT signaling pathway increases bone formation by promoting osteoblast differentiation and activity while
The WNT16 locus is a major determinant of cortical bone thickness and nonvertebral fracture risk in humans. The disability, mortality and costs caused by osteoporosis-induced nonvertebral fractures are enormous. We demonstrate here that Wnt16-deficient mice develop spontaneous fractures as a result of low cortical thickness and high cortical porosity. In contrast, trabecular bone volume is not altered in these mice. Mechanistic studies revealed that WNT16 is osteoblast derived and inhibits human and mouse osteoclastogenesis both directly by acting on osteoclast progenitors and indirectly by increasing expression of osteoprotegerin (Opg) in osteoblasts. The signaling pathway activated by WNT16 in osteoclast progenitors is noncanonical, whereas the pathway activated in osteoblasts is both canonical and noncanonical. Conditional Wnt16 inactivation revealed that osteoblast-lineage cells are the principal source of WNT16, and its targeted deletion in osteoblasts increases fracture susceptibility. Thus, osteoblast-derived WNT16 is a previously unreported key regulator of osteoclastogenesis and fracture susceptibility. These findings open new avenues for the specific prevention or treatment of nonvertebral fractures, a substantial unmet medical need. npg a r t i c l e s 1 2 8 0 VOLUME 20 | NUMBER 11 | NOVEMBER 2014 nature medicine inhibiting bone resorption indirectly by reducing osteoclastogenesis, mainly by regulating OPG [14] [15] [16] [17] [18] [19] [20] [21] [22] . A direct effect of canonical WNT signaling on osteoclastogenesis was also proposed recently, as mice lacking β-catenin in osteoclast precursors develop osteopetrosis because of reduced osteoclast numbers and activity 23 . Furthermore, activation of noncanonical WNT signaling by osteoblast-produced WNT5a has been shown to increase osteoclastogenesis through a receptor tyrosine kinase-like orphan receptor 2 (ROR2)-FZD receptor complex 24 . Thus, there is increasing evidence for the importance of noncanonical WNT signaling in bone and crosstalk between the pathways 5 . We and others recently performed genome-wide association studies demonstrating that the WNT16 locus reproducibly associates with bone mineral density (BMD), cortical bone thickness and nonvertebral fractures 4, [25] [26] [27] [28] [29] . A preliminary screening of multiple (n ≈ 4,500) gene-targeted mouse models within Lexicon Pharmaceuticals reported that a Wnt16 −/− mouse strain displays reduced cortical bone thickness, but these studies did not explore the mechanisms of action for WNT16 in bone 4, 30 .
To explore the mechanisms by which WNT16 regulates both general bone homeostasis and specifically the cortical bone compartment, we generated and analyzed several mouse strains with global as well as cell-specific Wnt16 inactivation. We demonstrate that Wnt16 deletion reduces cortical bone thickness and increases cortical bone porosity, leading to spontaneous fractures in these mice. Most notably, this effect is restricted to cortical bone, whereas trabecular bone is not affected, thereby demonstrating a dissociation between the regulation of cortical and trabecular bone homeostasis. Mechanistically, we found that WNT16 is derived from osteoblast-lineage cells and activates both canonical and noncanonical WNT signaling to inhibit human and mouse osteoclastogenesis through direct effects on osteoclast progenitors and indirect effects that increase Opg expression in osteoblasts.
RESULTS
Lower cortical but not trabecular bone mass in Wnt16 −/− mice We assessed Wnt16 mRNA levels in several tissues from mice using real-time PCR analysis and found the highest levels in cortical bone. We found that Wnt16, together with Wnt5a, is highly expressed in adult cortical bone, and its expression is markedly higher than that of the other WNT ligands examined ( Fig. 1a and Supplementary Fig. 1a) . Wnt16 mRNA levels were high in primary cultured osteoblasts, whereas we detected no expression in osteoclast cultures (Fig. 1a) . Immunohistochemistry revealed abundant WNT16 staining in osteoblasts lining the surfaces of cortical bone (Fig. 1b) .
To determine the role of WNT16 in the skeleton, we evaluated two separate mouse models with global Wnt16 inactivation. The first model has all four exons of Wnt16 deleted (Wnt16 −/−, exon 1−4 ; Fig. 1c) , and the second mouse model has the first three exons of Wnt16 deleted (Wnt16 −/−, exon 1−3 ) 4 Supplementary Tables 5  and 6 ) are identical, and we refer to both mouse models as Wnt16 −/− mice, if not otherwise specified. Wnt16 −/− embryos (embryonic day (E) 18.5) showed normal embryonic skeletal development and were born apparently healthy (Fig. 1d,e and Supplementary Table 1) . The cortical bone thickness, cortical cross-sectional area and cortical mineral content of the long bones were substantially lower in young Wnt16 −/− mice compared to age-and sex-matched wild-type (WT) mice (5-12 weeks old; Fig. 1f,h, Supplementary Figs. 1b-d and 2d and Supplementary Tables 1, 2, 5 and 6). In contrast, trabecular bone parameters were the same in Wnt16 −/− and WT mice (Fig. 1g,i,j,   Supplementary Fig. 1e and Supplementary Tables 1, 3, 5 and 6) . Notably, 16-week-old Wnt16 −/−, exon 1−3 mice displayed markedly lower cortical thickness compared to WT mice (Supplementary Fig. 1d ). Similar to the results in younger mice, trabecular bone was not affected in the 16-week-old mice (Supplementary Fig. 1e ). These findings suggest a role for WNT16 in the maintenance of cortical bone homeostasis during not only skeletal growth but also skeletal maturity. Although we observed the cortical bone phenotype in both male and female mice, it was generally more pronounced in females compared with males (8-week-old mice; tibia cortical bone thickness in females −58 ± 3% (mean ± s.e.m.; P < 0.01) and males (-22 ± 6%, P < 0.05) compared to WT mice).
Cortical bone defects result in fractures in Wnt16 −/− mice About one-third of Wnt16 −/− mice developed spontaneous tibia diaphyseal fractures (Fig. 2a and Supplementary Figs. 1f and 2a) . We verified lower bone strength in the long bones of Wnt16 −/− mice by threepoint bending analyses of excised femurs compared to WT mice (Fig. 2b,c) . The lower bone strength was caused by both a thinner cortical bone and a higher cortical porosity ( Fig. 2d and Supplementary Fig. 1g ).
Wnt16 −/− mice displayed higher cortical bone resorption compared to WT mice, as demonstrated by more osteoclasts and larger osteoclast-covered surface in cortical bone at the endocortical surface and higher expression of the osteoclast-specific transcript Ctsk in cortical bone, as well as higher serum levels of the bone resorption marker CTX-I (type I collagen fragments; Fig. 2e-g Tables 3 and 6) . Notably, these effects were associated with lower Opg expression, resulting in a higher ratio of Rankl to Opg expression in cortical bone ( Fig. 2f and Supplementary Fig. 1h ).
Histomorphometric analyses of the endosteal surface of cortical bone in the tibia diaphysis demonstrated unchanged mineral apposition rate (MAR) and endosteal osteoid surface to bone surface in Wnt16 −/− mice (Supplementary Tables 2 and 6 ). The periosteal MAR was not affected in the cortical bone of 8-, 11-or 12-week-old Wnt16 −/− mice, but there was a nonsignificant trend of lower periosteal MAR in 6-week-old Wnt16 −/− mice compared to WT mice (Supplementary Tables 2 and 6 ). Neither bone formation nor the number of osteoclasts per bone surface were affected in the trabecular bone of Wnt16 −/− mice (Supplementary Tables 3 and 6) , and the serum plasma levels of calcium homeostasis parameters were similar in Wnt16 −/− and WT mice (Supplementary Table 4) .
Micro computed tomography (micro-CT) analyses of the periosteal and endosteal circumferences in 11-week-old Wnt16 −/− mice indicated that the lower cortical thickness in the tibia compared to WT mice was due to a slightly larger endosteal circumference, whereas in the femur, both the periosteal and endosteal circumferences were smaller in Wnt16 −/− mice compared to WT mice ( Supplementary  Fig. 2b-d) . Thus, the lower cortical thickness observed after global depletion of WNT16 appears to be mostly the result of higher endosteal resorption. In addition, it is probable that a slower periosteal apposition at early time points may also contribute to the thinning of the cortical bone observed at later time points.
Osteoblast-derived WNT16 inhibits osteoclastogenesis
We then further identified the source and target cells of WNT16 in the bone microenvironment. In vitro cultures of calvarial osteoblasts demonstrated that Wnt16 expression increased during osteoblastic differentiation (Fig. 3a) and that osteoblastic proliferation and differentiation npg were similar in cultures from WT and Wnt16 −/− mice ( Fig. 3b-d) . FACS analysis showed that the number of osteoclast progenitors in bone marrow cells was not altered between WT and Wnt16 −/− mice (Supplementary Fig. 3a) . We observed no difference in the formation of tartrate-resistant acid phosphatase-positive multinucleated osteoclasts (TRAP + MuOCLs) or in the release of TRAP5b or CTX-I when we cultured RANKL-stimulated bone marrow cells from WT or Wnt16 −/− mice on plastic or bone slices (Fig. 3e,f) . In addition, we noted no difference in the formation of TRAP + MuOCLs in purified bone marrow macrophage (BMM) cultures from WT and Wnt16 −/− mice in response to RANKL stimulation (Supplementary Fig. 3b ). These studies demonstrate that there is no major cell-autonomous effect of WNT16 in osteoblast or osteoclast proliferation or functions.
We next evaluated the possible paracrine role of osteoblast-derived WNT16 on osteoclastogenesis using mix-and-matched cocultures of calvarial osteoblasts and BMMs from WT or Wnt16 −/− mice. More osteoclasts were formed in cultures with osteoblasts from Wnt16 −/− than from WT mice (Fig. 3g) , whereas there was no difference when the BMMs in culture were from WT or Wnt16 −/− mice (Fig. 3g) , which is in line with the lack of Wnt16 expression in BMMs (Fig. 1a) . These findings indicate that osteoblast-derived WNT16 either directly or indirectly inhibits osteoclastogenesis.
WNT16 increases Opg expression in osteoblasts
Because Opg expression was lower in cortical bone of Wnt16 −/− compared to WT mice ( Fig. 2f and Supplementary Fig. 1h ), we determined whether this difference could be the result of an effect of WNT16 on Opg expression in osteoblasts. Indeed, osteoblastic MC3T3-E1 cells responded to recombinant WNT16 with substantially enhanced Opg mRNA expression (Fig. 4a) . (e-g) Femur lengths, cortical bone mineral content (BMC) and trabecular BMD of the tibia as measured by peripheral quantitative CT (pQCT) in Wnt16 −/− and WT mice at 5 (n = 9), 8 (n = 9) and 11 (female WT, n = 9; female Wnt16 −/− , n = 8; male WT, n = 11; male Wnt16 −/− , n = 12) weeks of age. (h,i) Cortical thickness (h) and distal metaphyseal trabecular bone volume per total volume (BV/TV; i) as measured by micro-CT in the femurs of 5-and 11-week-old female Wnt16 −/− and WT mice (5 weeks old: WT, n = 9; Wnt16 −/− , n = 8; 11 weeks old: n = 6). Left, representative micro-CT images of the experiment described to the right. Scale bars, 500 µm. (j) Bone volume per total volume as measured by histomorphometry of trabecular bone in the L 4 vertebra of 11-week-old female Wnt16 −/− (n = 6) and WT (n = 7) mice. All values are given as the mean ± s.e.m. **P < 0.01, Student's t test compared to WT. npg compared to that of WT mice (Fig. 4b) , and the expression of these genes was significantly higher in MC3T3-E1 cells treated with WNT16 compared to vehicle-treated cells (Fig. 4c) . Confirming these findings, WNT16 treatment led to a mild but significant activation of the TOPflash reporter and to increased levels of phosphorylated LRP6 and nonphosphorylated β-catenin in osteoblasts ( Fig. 4d-f ). To provide further evidence that WNT16 signals through canonical WNT signaling in osteoblasts, we treated MC3T3-E1 cells with XAV939, a tankyrase inhibitor that has been shown to block β-catenin-dependent signaling by stabilizing Axin2 and the destruction complex 31 . XAV939 significantly inhibited a WNT16-dependent increase in Axin2 expression, and its effect on WNT16-dependent induction of Opg followed the same trend but did not reach significance (Fig. 4g) . Overall, these data show that WNT16 has the capacity to signal through the classical canonical pathway in osteoblasts, albeit less efficiently than classical canonical WNT ligands such as WNT3a ( Fig. 4c-g ).
WNT16 has also been proposed to signal through the noncanonical Jun-N-terminal kinase cascade through phosphorylation of JUN and JNK 32 . The levels of phosphorylated JNK (pJNK) were lower in calvarial bone from Wnt16 −/− mice compared to WT mice (Fig. 4h) , and pJNK and phosphorylated cJUN (p-cJUN) levels were markedly increased by WNT16 treatment of MC3T3-E1 cells (Fig. 4i) . Because JNK activation is a downstream effector of ROR2 receptor signaling, we then examined whether WNT16 functions through npg the ROR2-JNK cascade using the noncanonical WNT-specific ROR2-hTRK luciferase assay 24, 33 . As expected, treatment with WNT5a, a classical activator of the WNT-ROR2-JNK pathway 24, 34 , led to a significant increase in luciferase activity (Fig. 4j) . In contrast, WNT16 did not affect this ROR2 reporter assay. Collectively, these data demonstrate that WNT16 signals through both the classical canonical WNT pathway and the noncanonical Jun-N-terminal kinase cascade in osteoblasts, implying the presence of an autocrine loop in these cells, resulting in increased Opg expression and decreased osteoclastogenesis.
WNT16 directly inhibits osteoclastogenesis
In addition to its OPG-mediated effects on osteoclastogenesis, we found that WNT16 directly affects the response of osteoclast precursors to RANKL. When added to purified mouse BMM cultures in the absence of osteoblasts, WNT16 abolished RANKL-stimulated formation of TRAP + MuOCLs (Fig. 5a) . WNT16 also robustly inhibited RANKL-stimulated formation of TRAP + MuOCLs, CTX-I release and the number of resorption pits when BMMs were seeded on bone slices (Fig. 5b) . Notably, we also observed a dose-dependent inhibitory effect of WNT16 on osteoclast formation in RANKL-stimulated human CD14 + monocyte cultures (Fig. 5c) . Reduced osteoclast formation by WNT16 was associated with a time-and dose-dependent blunted mRNA expression of osteoclast functional genes ( Fig. 5d and Supplementary Fig. 3c,d ).
We also examined the mechanism by which WNT16 could inhibit osteoclastogenesis. RANKL-induced activation of nuclear factor-κB (NF-κB) was inhibited by WNT16, as shown by decreased mRNA expression of Nfkb2 and Relb (Fig. 5e) and decreased NF-κB transcription in a reporter assay (Fig. 5f) . However, RANKL-induced increases in Fos mRNA levels and AP-1 transcriptional activity were unaffected ( Fig. 5g and Supplementary Fig. 3e) . Notably, RANKLinduced upregulation of Nfatc1 mRNA, encoding NFATc1, which is regarded as the master regulator of osteoclast differentiation, was substantially decreased by WNT16 (Fig. 5g) . These data show that WNT16 inhibits osteoclast formation by interfering with osteoclast differentiation at the early steps of RANK signaling.
In contrast to the findings in osteoblasts, WNT16 did not significantly regulate β-catenin protein levels or Axin2 expression in mouse osteoclast precursors (Fig. 5h,i) but did activate the noncanonical Jun-N-terminal kinase cascade, increasing pJNK and p-cJUN levels in a time-dependent manner in mouse osteoclast progenitors (Fig. 5j) .
Osteoblast-lineage Wnt16 inactivation mimics global deletion
To assess the role of osteoblasts and osteocytes in the function of WNT16 in vivo, we generated conditional Wnt16-inactivated mouse models targeting osteoblasts or osteocytes. We first used homologous recombination to develop a mouse model with exon 3 of Wnt16 flanked by loxP sites (Wnt16 flox/flox ; Fig. 6a and Supplementary Fig. 2e ). The skeletal characteristics of these Wnt16 flox/flox mice were indistinguishable from those of WT mice (Supplementary Table 7) . To achieve early inactivation of Wnt16 in the osteoblast lineage, we generated Runx2-creWnt16 flox/flox mice, which express Cre recombinase driven by the Runx2 promoter, a promoter that is expressed specifically in osteoblast-lineage cells but not in osteoclasts 35 . Runx2-creWnt16 flox/flox mice displayed substantial and specific recombination of the Wnt16 flox allele in cortical bone, resulting in as much as 98% lower Wnt16 mRNA levels in cortical bone compared to cortical bone from control mice ( Fig. 6b and Supplementary Fig. 4a ). Runx2-creWnt16 flox/flox mice displayed no change in tibia length, lower npg cortical thickness, spontaneous fractures at cortical bone sites, lower mechanical strength of the cortical bone, higher cortical porosity and lower Opg levels in cortical bone compared to control mice, whereas the trabecular bone was unaffected (Fig. 6c-h, Supplementary  Fig. 4b,d and Supplementary Tables 8 and 9 ), thereby phenocopying global WNT16 deletion.
Wnt16 inactivation in osteocytes affects older mice
We next inactivated Wnt16 specifically in late osteoblasts and osteocytes by mating Wnt16 flox/flox mice with Dmp1-cre mice expressing Cre recombinase specifically in osteocytes (Dmp1-creWnt16 flox/flox mice) 36 . Dmp1-creWnt16 flox/flox mice displayed substantial recombination of the Wnt16 flox allele in cortical bone (Supplementary Fig. 4a ), but Wnt16 mRNA levels were not affected in cortical bone, and we observed no skeletal phenotype in young mice (Fig. 6b-h,  Supplementary Fig. 4c,d and Supplementary Table 9 ). Although Dmp1-creWnt16 flox/flox mice had normal cortical bone thickness at a young-adult age (5 weeks; female mice at 12 weeks of age had bone thickness +0.1 ± 2.2% over that of control mice (nonsignificant); Fig. 6d ), they developed slightly but significantly (male mice, −10.0 ± 2.9%; P < 0.05) thinner cortical bone during aging (52 weeks of age) as a result of substantially lower Wnt16 mRNA expression in the cortical bone at 1 year of age (Supplementary Fig. 4e ) compared to control mice. Taken together, these findings demonstrate that WNT16 is required for normal cortical bone homeostasis during aging. In addition, although osteoblasts and not late osteoblasts or osteocytes are the principal source of WNT16 in the cortical bone in young mice, late osteoblasts and osteocytes contribute to WNT16 expression in the cortical bone of elderly mice. These results strongly suggest that the role of WNT16 in cortical bone homeostasis is exerted by WNT16 derived from osteoblast-lineage cells.
Effects of local WNT16 treatment in vivo
To determine the possible beneficial effect of WNT16 treatment in vivo, we used a mouse model of inflammation-induced bone loss in calvarial bone 37 . Local treatment with the Toll-like receptor 2 (TLR2) npg agonist PAM2 (Pam2CSK4) resulted in thinner calvarial bone in the frontal region, whereas WNT16 delivered in liposomes prevented bone loss in PAM2-treated mice (Fig. 6i) . These findings demonstrate that WNT16 has the capacity to improve bone status in vivo in a model of pathological bone loss. To further evaluate the effect of WNT16 on the skeleton, we used a rat model in which we previously found that locally administered anti-resorptive bisphosphonates enhanced bone mass 38 . We administered local injection of WNT16 in liposomes directly into the proximal tibia of 10-week-old male rats (n = 6). We similarly injected empty liposomes in the contralateral tibia. Two weeks after injection of WNT16, bone mineral density at the injection site was significantly higher in the WNT16-treated tibia as compared with the contralateral tibia treated with empty liposomes (BMD; WNT16 liposomes: 300 ± 26 mg cm −3 ; empty liposomes: 206 ± 32 mg cm −3 ; P = 0.01, paired Student's t test), further demonstrating that local WNT16 treatment in vivo has a positive effect on bone mass.
DISCUSSION
Cortical bone mass and composition are major determinants of bone strength and fracture risk in humans 2 . Only a limited number of studies have focused on the cellular and molecular mechanisms specifically regulating cortical bone homeostasis. Notably, WNT16 has been linked to cortical bone mass, thickness and fracture risk in several large human genome-wide association studies 4, [25] [26] [27] [28] [29] , and in the present study, we found that Wnt16-deficient mice exhibited low cortical thickness, high cortical porosity and spontaneous fractures. Furthermore, we show that osteoblast-lineage cells are the major source of WNT16 in bone and that the mechanism by which WNT16 regulates cortical bone homeostasis is through its ability to inhibit osteoclastogenesis.
Human studies have demonstrated that genetic variants in the WNT16 locus associate with BMD, cortical bone thickness and fracture risk at nonvertebral bone sites but not with trabecular bone mass 4, [25] [26] [27] [28] [29] . The specific role of WNT16 in cortical bone homeostasis is supported by our present finding that very high and specific Wnt16 expression is observed in cortical bone and that its deletion leads to decreased cortical strength and spontaneous fractures in mice, whereas trabecular bone is not affected. Notably, Wnt16 −/− mice frequently developed spontaneous fractures at the tibia diaphysis, which is a bone site consisting mainly of cortical bone in mice. We propose that because of dimensional reasons, the tibia diaphyseal region might be especially sensitive to cortical osteopenia, resulting in early tibia diaphyseal fractures in Wnt16 −/− mice. Spontaneous fractures are rare events in mouse models but have been described for mice with osteoblast-or osteocyte-specific inactivation of Wntless (Wls, also known as Gpr177), which is required for the secretion of WNT ligands from cells 39 . However, mice with Wls inactivation in osteoblasts or osteocytes display a marked reduction of both trabecular and cortical bone mass 39 , whereas the Wnt16 −/− mice here displayed substantial cortical but not trabecular bone loss. Thus, it is possible that the cortical bone phenotype in mice with osteoblastor osteocyte-specific inactivation of Wls is caused, at least in part, by loss of WNT16 secretion, whereas the trabecular bone phenotype is mediated by loss of secretion of other WNTs. As WNT10b −/− mice develop an age-dependent loss of trabecular bone specifically, it is probable that WNT10B is at least one of the WNTs explaining the trabecular bone phenotype in mice with Wls inactivation in osteoblasts or osteocytes 40, 41 .
Three-point bending analyses demonstrated substantial lower mechanical bone strength in Wnt16 −/− compared to WT mice, explaining the high frequency of spontaneous fractures. Thinner cortical bone clearly contributes to impaired cortical bone strength in Wnt16 −/− mice. The ~30% increase in cortical porosity may contribute to the substantially reduced cortical bone strength of Wnt16 −/− mice 2 . The role of WNT16 in cortical porosity should be emphasized, as cortical porosity is a major determinant of bone strength and probably also of fracture risk in humans 2 . In contrast, in mice trabecular bone volume is not affected in the absence of WNT16. Clinical investigations have demonstrated that trabecular and cortical bone respond differently to treatment 1 . However, the mechanisms by which this occurs have not been elucidated previously. Our findings, therefore, provide one of the first insights into the mechanisms by which specific cortical bone homeostasis is ensured and show that WNT16 is a major component of this homeostatic machinery. WNT16 expression is higher in cortical than trabecular bone, suggesting that the cortical but not the trabecular bone microenvironment enhances osteoblastic WNT16 expression in cortical bone specifically. Furthermore, compensatory mechanisms might exist to preserve bone mass in the trabecular but not cortical bone compartment in the absence of WNT16. Thus, the data presented in this study corroborate the clinical findings and suggest that the cortical and trabecular compartments are indeed biologically different, their homeostases being independently regulated by different signaling molecules, all of which are involved in the regulation of bone mass.
The cortical bone defects in the Wnt16 −/− mice seem to be caused primarily by higher cortical bone resorption as a result of more osteoclasts in cortical bone. Our study demonstrates that osteoblastderived WNT16 inhibits osteoclastogenesis. We found that Opg expression was lower in the cortical bone of Wnt16 −/− compared to WT mice, probably because of a direct autocrine effect on osteoblasts, as WNT16 robustly enhanced Opg mRNA levels in the osteoblastic cell line MC3T3-E1. In addition, WNT16 abolished osteoclast formation in RANKL-stimulated mouse and human osteoclast progenitor cultures, demonstrating that WNT16 inhibits osteoclastogenesis not only indirectly by increasing OPG expression in osteoblasts but also directly by acting on osteoclast progenitors (Fig. 6j) . Our findings that WNT16 inhibited NF-κB activation and Nfatc1 expression suggest that WNT16 inhibits osteoclast formation by interfering with early steps in RANKL signaling and osteoclast differentiation.
Although some in vitro studies have suggested that WNT16 does not activate canonical WNT signaling 29, 42 , other studies have shown that WNT16 has the capacity to signal through the canonical WNT cascade 32, [43] [44] [45] [46] . Our results clearly demonstrate that WNT16 activates both canonical WNT signaling and the noncanonical Jun-N-terminal kinase WNT signaling cascade in osteoblasts. However, it is noteworthy that the effect of WNT16 on canonical WNT signaling activation in osteoblasts is milder than the effect of the classical canonical WNT ligand, WNT3a, albeit with strong enough effects to efficiently increase Opg expression. Although activation of noncanonical WNT signaling in osteoblasts and osteoclast precursors might explain other aspects of the phenotype observed in Wnt16 −/− mice, such as the potent impairment of RANKL-induced osteoclast differentiation, its effects on osteoblasts are not clear. It has been reported previously that β-catenin in osteoblasts and osteocytes is a positive regulator of OPG 15 . The findings that a WNT16-dependent increase in Axin2 expression is abolished by blocking canonical WNT signaling confirm that WNT16 functions at least in part through canonical WNT signaling. Notably, our findings that the WNT16-dependent increase in Opg expression is blunted, but not significantly, by XAV939 treatment suggest that other WNT16-activated signaling pathways, including noncanonical WNT signaling (which is activated by WNT16 in osteoblasts), may be responsible for the regulation of OPG. Nevertheless, the finding that recombinant WNT16 activates JNK in osteoblasts but does not affect the ROR2 luciferase reporter gene assay suggest that the observed activation of JNK is independent of the ROR2 receptor tyrosine kinase cascade. These results are in agreement with the findings that although WNT5a binds to the Ror2 receptor and activates the Ror2 receptor signaling pathway, other WNT ligands, including WNT3a, WNT7b, WNT10b and WNT16, do not bind to the ROR2 receptor or do not activate the ROR2 signal 24, 34 . Further studies will be required to better understand the role of WNT16-induced noncanonical WNT signaling.
Although WNT16 did not activate the β-catenin pathway in mouse osteoclast progenitors, it strongly increased pJNK and p-cJUN levels, indicating that noncanonical pathways are involved in the inhibitory effect of WNT16 on osteoclast progenitors. The inhibitory effect of WNT16 is in contrast to observations showing that noncanonical signaling by either WNT5b, acting through the RYK receptor, or WNT5a, acting through ROR2, results in potentiation of RANKL-induced osteoclastogenesis 24, 47 . Interestingly, WNT5a-induced potentiation is associated with increased JNK and JUN activation 24 , whereas WNT16-induced activation of JNK and JUN is associated with inhibition of osteoclastogenesis. These observations demonstrate that WNT signaling is complex and that the pathways are not as linear as initially thought 48 . Thus, WNT16 in cortical bone may signal by activating distinct WNT signaling complexes in osteoblasts and osteoclasts, which may independently contribute to skeletal homeostasis. Because of the many possible crosstalks between canonical and noncanonical cascades, as well as the fact that several WNTs have been shown to act on bone cells, different WNT signaling pathways might converge distally to activate the same downstream effectors and, thus, regulate bone homeostasis 6 .
To determine the in vivo role of WNT16 derived from cells in the osteoblast lineage, we developed conditional Wnt16-inactivated mouse models with inactivation of Wnt16 early in both osteoblasts and osteocytes (Runx2-cre) or in late osteoblasts and osteocytes (Dmp1-cre). In young-adult mice, inactivation of Wnt16 in both early osteoblasts and osteocytes resulted in a marked reduction of cortical thickness, as well as in spontaneous fractures, whereas inactivation of Wnt16 in late osteoblasts and osteocytes did not significantly affect cortical thickness, demonstrating that osteoblasts, but not osteocytes, are the principal source of WNT16 in cortical bone in young mice. Together with the findings that 16-week-old mice globally null for Wnt16 show persistence of the cortical bone phenotype, our data suggest that WNT16 has a role in cortical homeostasis until skeletal maturity. Notably, Wnt16 inactivation in late osteoblasts and osteocytes leads to decreased cortical bone mass only after 3 months of age, as indicated by lower Wnt16 mRNA expression and cortical bone thickness at 1 year but not at 3 months of age.
npg
This finding demonstrates that the cortical bone phenotype is not generated during development and growth only. A role of WNT16 in cortical bone homeostasis during not only development and growth but also aging is also supported by our previous human genetic finding that an amino acid-altering SNP in WNT16 associates robustly with cortical bone thickness in subjects over a broad range of ages (15.5-78.7 years of age), and no significant impact of age for this association was observed 4 . These in vivo studies establish WNT16 derived from osteoblast-lineage cells as a crucial regulator of cortical bone mass and fracture susceptibility.
To evaluate the possible beneficial effect of WNT16 treatment in vivo, we used a mouse model of inflammation-induced bone loss in calvarial bone. Our finding that WNT16 treatment prevented PAM2-induced calvarial bone loss demonstrates that WNT16 has the capacity to improve bone mass in vivo in a model of pathological bone loss. We also showed that local WNT16 treatment in rat tibiae increased bone mineral density, further demonstrating that local WNT16 treatment in vivo has a positive effect on bone mass.
In conclusion, we have shown that in mice, an absence of WNT16 results in lower cortical thickness and higher cortical porosity and, thus, higher fracture susceptibility. Mechanistic studies revealed that osteoblast-derived WNT16 inhibits human and mouse osteoclastogenesis both directly by acting on osteoclast progenitors and indirectly by increasing Opg expression in osteoblasts (Fig. 6j) . WNT16 signaling in osteoblasts is both canonical and noncanonical, whereas it is only noncanonical in osteoclast progenitors. New treatment strategies targeting the regulation of WNT16 might be useful to reduce fracture risk at cortical bone sites.
METhODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METhODS
Generation of global Wnt16 −/−, exon 1−4 mice. The mouse strain used for the generation of global Wnt16 −/−, exon 1−4 mice was created from a C57BL/6N embryonic stem (ES) cell clone (10802A-B4) obtained from the National Center for Research Resources, US National Institutes of Health (NIH)-supported KOMP Repository (https://www.komp.org/) and generated by Regeneron Pharmaceuticals, Inc. for the NIH-funded Knockout Mouse Project (KOMP). The ES cell clone was injected into blastocysts of C57BL/6N female mice. Methods used to create the Velocigene-targeted alleles have been described previously 49 . The Wnt16 gene includes four exons, and translation of the WNT16 protein starts from position 281. In the Wnt16 −/−, exon 1−4 mice, nucleotides between position 266 and 10025 are replaced by a ZEN Ub1 cassette in C57BL/6N ES cells. This leads to a complete lack of Wnt16 mRNA transcription of the targeted locus (Fig. 1a-c and Supplementary Fig. 4a) . The Wnt16 −/− and WT control littermates were generated by breeding male Wnt16 +/− mice with female Wnt16 +/− mice using an inbred C57BL/6N mouse strain throughout the study. The phenotype of this Wnt16 −/−, exon 1−4 mouse model has not been reported previously. The following primer pairs were used for genotyping the WT mice: forward primer (5′-GCAGCCTCTGTT CCACATACACTTCA-3′) and reverse primer (5′-CCTTCCTTCCTACCT TCCCTCTTTCC-3′). The following primers were used for genotyping the Wnt16 −/− mice: forward primer (5′-CATGACCGAATGTTCCTGTG-3′) and reverse primer (5′-CCGCTTCGTTGTTGTGTAGA-3′). To analyze the degree of Wnt16 deletion at the DNA level in different tissues, TaqMan custom assays from Life Technologies were used. Wnt16 intron 2 was analyzed using forward primer (5′-GGATAGTAGATTTCCTTTCCAAATATTCACACA-3′), reverse primer (5′-CTTGTTGTCTTAGGAGGCAATCGA-3′) and probe (6Fam 5′-TTTTCAAGCGTTTACAGAGAAT-3′ MGBNFQ). As the ZEN Ub1 cassette is retained in the Wnt16 −/−, exon 1−4 mice, we evaluated whether the expression of the two closest neighboring genes (Fam3c and Cped1, located downstream and upstream, respectively, of the Wnt16 gene) was affected. However, the expression of these two genes in cortical bone was normal in 8-week-old Wnt16 −/−, exon 1−4 mice, suggesting that the ZEN Ub1 cassette did not affect neighboring genes (data not shown). The mice were studied at different time points, including prenatal mice (E18.5), prepubertal mice (5 weeks old), postpubertal mice (8 weeks old) and adult mice (11 weeks old). As the Wnt16 −/− mice frequently developed spontaneous fractures directly after sexual maturation, we did not characterize mice older than 11 weeks of age. Animal care was in accordance with guidelines from the Animal Committee of the University of Gothenburg, and the study was approved by the local ethical committee in Gothenburg. Fig. 6a and Supplementary Fig. 2e ). The targeting vector for the Wnt16 gene (HTGRS6013_A_H08) was obtained from the European Conditional Mouse Mutagenesis Program (EUCOMM), and the sequence was further confirmed by PCR, restriction enzyme mapping and sequencing. G4 ES cells derived from (129S6 × C57BL/6NCr)F1 were cultured on a neomycinresistant primary embryonic fibroblast feeder layer, and 10 6 cells were electroporated with 30 µg of linearized targeting construct digested by AsiSI. After electroporation, the cells were exposed to G418 (300 µg ml −1 ; Sigma), and colonies (155) were picked 7-9 d later and expanded by culturing the individual colonies for an additional 2-3 d. Proper targeting was confirmed by longrange PCR reactions spanning both the 5′-and 3′-homologous arms. Using the primers WNT16Arm5UF1 (5′-GCTCTTCTGAAGGTTCTGAA-3′) and LAR3 (5′-CACAACGGGTTCTTCTGTTAGTCC-3′), a proper PCR product was generated corresponding to the 4,854-bp-long targeting arm at the 5′ region.
Generation of global
Similarly, a PCR product with a proper size was generated with the primer pair RAF (5′-CACACCTCCCCCTGAACCTGAAAC-3′) and WNT16Arm3DR1 (5′-AATGCTCCTGTCTTTGATGA-3′) corresponding to the 6,264-bp-long 3′-homologous arm. Both of the PCR products were also partially sequenced to further confirm the right targeting.
In order to delete Neo and LacZ cassettes and generate a floxed allele (Wnt16 +/flox ), the correctly targeted ES cells were electroporated with a plasmid expressing the Flp recombinase (pCAGGS-Flpe, Gene Bridges GmbH, Heidelberg, Germany). After electroporation, the cells were plated on 100-mm cell culture dishes, and colonies were picked after 3-5 days and expanded further by culturing on 96-well plates. The proper excision of the cassettes was confirmed by performing a PCR analysis using the primers R1 (5′-AAGGCGCATAACGATACCAC-3′) and Wnt16Arm5DR2 (5′-AAATGTGTAACCTTCACGAG-3′), and the PCR products formed were confirmed by sequencing.
ES cells from two correctly targeted clones were injected into C57BL/6N blastocysts, and chimeric male mice with germline transmission were produced. Furthermore, heterozygous F1 males born from the chimeric mouse breeding were subsequently bred with C57BL/6N females for the colony expansion. Genotyping of the WT and targeted allele (Wnt16 flox ) was performed by PCR using the primers Wnt165ArmSe1 (5′-CATAAAGCCAGCTGCACTGC-3′) and Wnt16Arm5DR2 (5′-AAATGTGTAACCTTCACGAG-3′). A PCR product 370 bp in length was produced from the WT allele, and the Wnt16 flox allele produced a 522-bp-long product.
The following primer pairs were used for genotyping of the presence or absence of the loxP sequence: 5′-CATAAAGCCAGCTGCACTGC-3′ and 5′-AAATGTGTAACCTTCACGAG-3′. The presence of the Runx2-cre gene was determined using the three-primer strategy. The common 5′ primer (5′-CCAGGAAGACTGCAAGAAGG-3′) binds to the Runx2 promoter of the endogenous gene and the transgene. The 3′ primer (5′-TGGCT TGCAGGTACAGGAG-3′) binds to the cre sequence, and another 3′ primer (5′-GGAGCTGCCGAGTCAATAAC-3′) binds to the endogenous Runx2. The presence of the Dmp1-cre gene was determined using the following primer pair: 5′-CCAGGCTAAGTGCCTTCTCTACA-3′ and 5′-AATGCT TCTGTCCGTTTGCCGGT-3′.
To generate specific knockout of Wnt16 in the early osteoblast lineage, floxed Wnt16 mice were crossed with the previously described Runx2-cre mice 35 . These Runx2cre-Wnt16 flox/flox mice display early osteoblast-specific cre expression and have the capacity to recombine loxP-flanked DNA sequences in an early osteoblast-specific manner. We have previously demonstrated that efficient recombination occurs at all sites of endochondral and intramembranous bone formation, particularly in periosteal cells, osteoblasts and osteocytes but not osteoclasts, when Runx2-cre mice were crossed to a Rosa26 reporter strain 35 . To generate mice depleted of Wnt16 in osteoblasts, female mice with two floxed Wnt16 alleles (Wnt16 flox/flox ) were mated with male mice having one floxed Wnt16 allele and one allele of Runx2cre (Runx2-creWnt16 flox/w ). The littermate control mice were Wnt16 flox/flox . Wnt16 flox/flox and Runx2-cre mice have an unchanged skeletal phenotype compared to WT mice (Supplementary Tables 7 and 10) .
To generate mice depleted of Wnt16 in late osteoblasts and osteocytes, Wnt16 flox/flox female mice were crossed with heterozygous Wnt16 flox/w male mice expressing Cre recombinase driven by the 10-kb Dmp1 promoter specifically expressed in late osteoblasts and osteocytes (Tg(Dmp1-cre)1Jqfe mice) (Dmp1-cre mice) 36 . The littermate control mice were Wnt16 flox/flox . We have previously demonstrated that efficient recombination occurs in osteocytes but not osteoblasts or osteoclasts when Dmp1-cre mice were crossed to a Rosa26 reporter strain 50 .
Power calculation, blinding of investigators and randomization of mouse samples. The predesigned primary endpoint in the mouse studies was to record the effect of WNT16 inactivation on cortical bone thickness. Our power analysis suggested that when using eight WT and eight Wnt16 −/− mice, we would have 80% power to detect a biological significant effect with a 1.51 s.d. change in cortical bone thickness, and therefore we aimed to use eight mice per group in the different mouse studies. All in vivo experiments and subsequent assessments of the outcomes from these experiments were done in total blinding of the investigators. No experiments requiring randomization of sample groups were performed. All animals of the required genotype were included in the analysis. npg Whole-mount histological staining. Dissection of prenatal and adult mouse skeletons and detection of cartilaginous and bony elements by Alcian blue and Alizarin red staining was performed using standard histology methods 51 .
pQCT of Wnt16 −/−, exon 1−4 mice. CT scans were performed with the pQCT XCT RESEARCH M (version 4.5B, Norland) operating at a resolution of 70 µm, as described previously 52 . The scan was positioned in the metaphysis of the femur at a distance proximal from the distal growth plate corresponding to 3.4% of the total length of the femur, and the trabecular bone region was defined as the inner 45% of the total cross-sectional area. Cortical bone parameters were analyzed in the mid-diaphyseal region of the tibia 53 .
High-resolution micro-CT of Wnt16 −/−, exon 1−4 mice. High-resolution micro-CT analyses were performed on the distal femurs using a 1172 model micro-CT (Bruker micro-CT, Aartselaar, Belgium). The femurs were imaged with an X-ray tube voltage of 50 kV and a current of 201 µA, with a 0.5-mm aluminum filter. The scanning angular rotation was 180°, and the angular increment was 0.70°. The voxel size was 4.48 µm isotropically. NRecon (version 1.6.9) was employed to perform the reconstruction after the scans. In the femurs, the trabecular bone proximal to the distal growth plate was selected for analyses within a conforming volume of interest (cortical bone excluded) commencing at a distance of 538.5 µm from the growth plate and extending a further longitudinal distance of 134.5 µm in the proximal direction. Cortical measurements were performed in the diaphyseal region of the femur starting at a distance of 3.59 mm from the growth plate and extending a further longitudinal distance of 134.5 µm in the proximal direction. For BMD analysis, the equipment was calibrated with ceramic standard samples.
Micro-CT of Wnt16 −/−, exon 1−4 mice. Micro-CT analyses were performed on the distal tibias using a model 1072 scanner (Skyscan) and imaged with an X-ray tube voltage of 100 kV and current of 98 µA, with a 1-mm aluminum filter 54 . The scanning angular rotation was 180°, and the angular increment was 0.90°. The voxel size was 6.51 µm isotropically. Data sets were reconstructed using a modified Feldkamp algorithm and segmented into binary images using adaptive local thresholding 55 . In the tibias, the trabecular bone distal to the proximal growth plate was selected for analyses within a conforming volume of interest (cortical bone excluded) commencing at a distance of 338.5 µm from the growth plate and extending a further longitudinal distance of 488 µm in the distal direction. Cortical measurements were performed in the diaphyseal region of the femur starting at a distance of 5.2 mm from the distal growth plate and extending a further longitudinal distance of 163 µm in the proximal direction. Trabecular thickness and separation were calculated by the sphere-fitting local thickness method 56 .
Micro-CT and bone histomorphometry of Wnt16 −/−, exon 1−3 mice. Highresolution images of the femora were obtained using a micro-CT 35 (Scanco Medical) according to the recommended guidelines. A 7-µm isotropic voxel size, 50 kVp and 144 µA were applied to analyze trabecular bone microarchitecture in the distal femoral metaphysis and cortical bone at the femoral midshaft. For dynamic bone histomorphometry, mice were subcutaneously injected with calcein (20 mg per kg body weight) and demeclocycline (20 mg per kg body weight) (both from Sigma-Aldrich). Tibiae were removed, fixed in 70% alcohol and embedded in methyl methacrylate. 5-µm sagittal sections were used. Von Kossa staining was performed following standard protocols. Quantitative bone histomorphometric measurements were performed semiautomatically with the OsteoMeasure image analyzer (Osteometrics Inc) according to standardized protocols 57 .
Histomorphometric analyses of Wnt16 −/−, exon 1−4 mice. Trabecular bone. L 4 vertebrae were fixed in 4% paraformaldehyde, dehydrated in 70% EtOH and embedded in plastic (L R White Resin, Agar Scientific). The trabecular bone was analyzed by Pharmatest Services, Ltd. using longitudinal coronary sections of the vertebrae. Sections 4-µm thick were stained with Masson-Goldner trichrome 58, 59 . The parameters were measured using the OsteoMeasure histomorphometry analysis system with software version 2.2 (OsteoMetrics) and following the guidelines of the American Society for Bone and Mineral Research 57 .
